Abstract Aims/hypothesis: Vascular endothelial growth factor (VEGF) plays a pivotal role in the pathogenesis of diabetic retinopathy. We investigated whether transgenic mice with moderate VEGF expression in photoreceptors (trVEGF029) developed changes similar to diabetic retinopathy and whether retinopathy progressed with time. Materials and methods: Human VEGF 165 (hVEGF 165 ) expression was analysed using ELISA and quantitative RT-PCR; serum glucose levels were also measured. Fundus fluorescein angiography (FA) was used to screen the degree of retinopathy from 6 weeks. Dynamic changes in the density of retinal microvasculature, as well as other changes similar to diabetic retinopathy, including retinal leucostasis, capillary endothelial cell and pericyte loss, and numbers of acellular capillaries, were quantified. Results: trVEGF029 mice were normoglycaemic and showed a moderate, short-term hVEGF 165 upregulation for up to 3 weeks. Changes in the retinal microvasculature not only mimicked those seen in diabetic retinopathy, but also showed similar pathological progression with time. FA at 6 weeks identified two phenotypes, mild and moderate, which were distinguished by the extent of vascular leakage. Quantitative analysis of diabetic retinopathy-like changes revealed that these parameters were tightly correlated with the initial degree of vascular leakage; low levels reflected slow and limited retinal microvascular changes in mild cases and high levels reflected more rapid and extensive changes in moderate cases. Conclusions/interpretation: The data suggest that even an early short-term elevation in hVEGF 165 expression might set a train of events that lead to progressive retinopathy. Induction of many features characteristic of diabetic retinopathy in trVEGF029 enables mechanisms leading to the disease state to be examined, and provides a relevant animal model for testing novel therapeutics.
Introduction
Damage to the retinal microvasculature is the hallmark of many eye diseases including diabetic retinopathy [1] a chronic disorder that is the leading cause of legal blindness and eventually develops in nearly all patients with diabetes mellitus [1, 2] . Diabetic retinopathy is characterised by readily identifiable and progressive retinal vascular changes, which have been extensively described clinically and experimentally [1] [2] [3] [4] [5] [6] . Early and middle stages are classed as non-proliferative diabetic retinopathy (NPDR), being characterised by increased vessel permeability, microaneurysms and capillary loss. Ensuing retinal ischaemia triggers advanced stages, termed proliferative diabetic retinopathy (PDR), in which neovascularisation leads to fibrovascular changes, retinal traction, detachment and blindness [7] .
Although hyperglycaemic animal models of types 1 and 2 diabetes exist, they do not present all features of NPDR or PDR. Alternative models focus on the many biochemical pathways in diabetic retinopathy, which stimulate the production of a variety of growth factors including IGF-1 and vascular endothelial growth factor (VEGF) [2] . VEGF is hypoxia-induced [8] and plays a role in ischaemiainduced retinal neovascularisation [3, [9] [10] [11] . However, it is also highly expressed at early stages in diabetic retinopathy, i.e. well before clinical signs of retinal non-perfusion and neovascularisation, suggesting that VEGF plays a pivotal role in the pathogenesis of diabetic retinopathy, rather than solely at the late ischaemic stages [12] . VEGF is also implicated in other features of diabetic retinopathy, since it (1) increases retinal vascular permeability either directly after intraocular injection [13] or indirectly in streptozotocin (STZ)-induced diabetic models [6, [14] [15] [16] [17] [18] , and (2) triggers retinal leucostasis in STZ-treated rats, which in turn further increases vascular permeability [6, 16] .
However, most VEGF-based animal models have focussed principally on retinal neovascularisation, which occurs in the most damaging, end-phase of diabetic retinopathy. Intravitreal injection, slow-release implants and transgenic VEGF models [11, 19] induce extensive, rapid neovascularisation and severe retinal damage which preclude examination of early changes and their progression [20] [21] [22] . By contrast, we have recently generated four transgenic VEGF lines, of which one, transgenic mice with moderate VEGF expression in photoreceptors (trVEGF029), demonstrated moderate elevation of human VEGF 165 , (hVEGF 165 ), relatively limited neovascular changes and minimal retinal damage, thus providing an opportunity to examine early pathological changes [23] . Here we have further characterised trVEGF029 to determine whether moderate hVEGF 165 protein elevation triggers early features of diabetic retinopathy such as vascular leakage, damage to, and remodelling of the retinal vasculature including capillary dropout, leucostasis, microaneurysms and loss of endothelial cells and pericytes with an accompanying increase in capillary acellularity. In addition, we undertook longitudinal studies to determine whether such changes progressed with time as occurs in diabetic retinopathy.
Materials and methods

VEGF transgenic mice
The work was approved by the Animal Ethics Committee, The University of Western Australia. Mice were generated through microinjection of pcDNA.opsin.VEGF, a DNA construct containing hVEGF 165 driven by a truncated mouse rhodopsin promoter that confines transgene expression to the eye [23] . Fifth and sixth generation heterozygous trVEGF029 and age-matched wildtype littermates (wt) were produced through backcrossing with C57BL/6J mice.
Quantitation of hVEGF 165 mRNA transcripts by real-time PCR mRNA levels of pcDNA.opsin.VEGF were assayed at 3 (n=6) and 6 (n=6) weeks in wt and trVEGF029. Due to small eye size at 3 weeks, fundus fluorescein angiography (FA) could not be performed, precluding identification of mild and moderate phenotypes (see below). However, at 6 weeks, mild and moderate cases were distinguished by FA prior to mRNA extraction and subsequent cDNA synthesis [24] . Semi-quantitative real-time PCR was performed using primers specific for pcDNA.opsin. VEGF and the housekeeping gene peptidylprolyl isomerase A (Ppia), with hVEGF 165 expression normalised against Ppia. pcDNA.opsin.VEGF transcript was calculated using a standard curve.
Quantitation of hVEGF 165 protein Ocular hVEGF 165 protein was quantified in wt and trVEGF029 at 3 weeks (n=4), and in those having distinguished mild and moderate phenotypes at 6, 9 and 19 weeks (n≥7 per phenotype per age). Intact eyes were enucleated and hVEGF 165 quantified by ELISA (Quantikine R&D Systems, Minneapolis, MN, USA) [23] .
VEGF immunostaining
Eyes from wt and trVEGF029 (1.5, 3 and 6 weeks) were enucleated, processed and immunostained with anti-VEGF antibody as described previously [25] , using donkey anti rabbit IgG AlexaFluor 555 (Molecular Probes, Eugene, OR, USA) as the secondary antibody. Sections were examined by fluorescence microscopy.
Fundus fluorescein angiography
In all mice in this study, the retinal microvasculature was examined by fundus fluorescein angiography (FA) at 6 weeks (n=244), using a modified portable small animal fundus camera (Genesis; Kowa, Tokyo, Japan). Vascular leakage was graded as described previously [23] and two phenotypes, mild and moderate, identified. To monitor retinal vascular leakage longitudinally within each phenotype, 30 additional mice were examined at 6 weeks and followed up every 2 to 3 weeks until 14 weeks and every 5 weeks until 24 weeks.
Measurement of glucose levels
Eyes were enucleated from 8 to 12-week-old trVEGF029 (n=3) and wt (n=4), homogenised in deionised water (500 μl), centrifuged (20,000 g) and the clarified homogenate (40 μl) incubated with 60 μl of enzyme (AMES glucose test packs; Bayer Diagnostics, Basingstoke, UK). Complex formation was measured using a mini photometer (AMES; Bayer) and the amount of glucose determined using glucose standards (0-50.00 mmol/l).
Retinal perfusion with rhodamine-coupled concanavalin A for quantitative topological and fractal analysis of the retinal vasculature and quantitative analysis of leucostasis Mild and moderate trVEGF029 (n=43) and wt (n=12) were perfused with rhodamine-coupled concanavalin A at 6, 9, 19 and 24 weeks [16] . Eyes were enucleated, fixed in 2% paraformaldehyde for 30 min, flat-mounted for fluorescence microscopy and digital images captured (BX60, DP70, respectively; both from Olympus Optical, Tokyo, Japan).
Low-power (×4) images were used to chart dynamic changes in the microvasculature across the entire retina, i.e. globally. Two to four 4-6 mm 2 samples were taken for each retina and results averaged. Images were processed and analysed using computer-based image analysis software (QWin; Leica Imaging Systems, Cambridge UK) with customised macroroutines [26] to determine the following topological parameters: (1) percentage of retinal area covered by vessels per field of view; (2) 'crossing points' of retinal vessels; and (3) a related metric, the number of 'vessel segments'. Mean values for each parameter were calculated per square millimeter. However, the above topological parameters do not fully characterise structural complexity, and the fractal parameters 'fractal dimension, (D f )' and 'lacunarity' were also calculated [26] . Leucocyte adhesion in the retinal veins and capillaries was quantified from high-power images (×10) by counting numbers of adherent leucocytes using NIH ImageJ software [27] with the cell counter plugin.
Retinal trypsin digestion for quantification of endothelial cells and pericytes
Retinal trypsin digests were prepared as described previously [28] for mild and moderate trVEGF029 (n=35) and wt (n=14) at 9, 19 and 24 weeks. Endothelial cells and pericytes were identified using standard criteria [29] , counted in four to six randomly selected fields at ×50 magnification using NIH ImageJ software with the cell counter plugin, and data averaged. Acellular capillaries were simultaneously identified and quantitated. Analysis of hVEGF 165 mRNA in 3-and 6-week-old trVEGF029 demonstrated a drop in transgene expression between 3 and 6 weeks, but no significant difference between ages or between mild and moderate phenotypes at 6 weeks (3 weeks: 79±21 copies/μl; 6 weeks mild: 56±11 copies/μl; 6 weeks moderate: 64±1 copies/μl). The high variance of protein and mRNA levels at 3 weeks presumably reflects the inclusion of mild and moderate phenotype in the samples, since, at this early age, FA could not be used to distinguish phenotypes. Wild-type littermates did not have detectable levels of hVEGF 165 transcript or protein at any age. Immunohistochemistry revealed VEGF-positive cell bodies primarily in the inner and outer nuclear layers in trVEGF029 at 1.5 weeks with comparatively minimal staining at 3 and 6 weeks; wt lacked immunopositive cells (Fig. 1a-d ).
Glucose levels in wt and trVEGF029
Glucose levels did not differ significantly between wt and trVEGF029 (wt: 5.36±0.99 mmol/l; trVEGF029: 5.42± 0.90 mmol/l; p>0.05) and were similar to those in the aqueous humour of an IGF-1 transgenic mouse [30] .
Retinal vascular leakage in trVEGF029
In wt, retinal vessels had an even calibre and radiated from a well-defined optical nerve head; fluorescein leakage was not observed (Fig. 2a, normal) . At 6 weeks, trVEGF029 demonstrated increased retinal vascular permeability and we identified two phenotypes. Mild cases (75%, n=206) were characterised by small numbers of readily identifiable and isolated leaky lesions with the retention of large areas of normal-appearing retinal capillaries (scores 1-3). Moderate cases (25%, n=68) had extensive vascular changes characterised by heavy fluorescein leakage (scores 4 and 5).
Longitudinal FA revealed that mild and moderate phenotypes remained distinct and showed characteristic . Semi-quantitative analysis of graded images of fluorescein leakage in mild (j; n=10) and moderate (k; n=10) cases over time. *p<0.01, compared with 6 weeks; § p<0.01 and ‡ p<0.05, compared with mild cases, respectively changes over time. In mild cases, vascular leakage remained relatively stable for up to 12 weeks, although slight progression (Fig. 2b,c) and regression (Fig. 2b,c) were observed in individual lesions. Most lesions had stopped leaking by 19 weeks and retinal capillaries were relatively well preserved with only minor capillary dropout and few microaneurysms (Fig. 2d,e) . Semi-quantitative analysis revealed a significant decrease in the grade of fluorescein leakage at 19 and 24 weeks compared with 6 and 9 weeks (Fig. 2j, p<0 .01), with some evidence of capillary dropout. By contrast, leakage was more severe in moderate cases at early stages (Fig. 2f) , and semiquantitative analysis revealed that most retinal vessels had stopped leaking by as early as 9 weeks (Fig. 2g) . In addition, and in contrast to the mild cases, the cessation of leakage and more pronounced neovascularisation were related to widespread destruction of retinal capillaries ( Fig. 2f-i; Fig. 2k, p<0 .01 and p<0.05).
Topological and fractal changes in the retinal vasculature
Transformation from digital to binary and skeletonised images is shown in Fig. 3 . The retinal vasculature in wt was characterised by a fine and dense meshwork of welldefined retinal capillaries (Fig. 4a) . Mild trVEGF029 showed some evidence for tortuous retinal vessels, a limited number of proliferating, or neovascular, microaneurysm-like lesions and a reduction in the density of the microvasculature over time (Fig. 4b-d) . In moderate cases, such changes were considerably more pronounced and occurred earlier (compare Fig. 4b,e) . A large number of neovascular lesions appeared at 9 weeks with a more rapid and dramatic progressive loss of retinal capillaries (Fig. 4e,f) .
Quantitative topological and fractal analysis in wt did not reveal any differences at either 9, 19 or 24 weeks (data not shown). The percentage of area covered by vessels showed no significant differences between the wt and mild trVEGF029 (Fig. 4g, p>0.05) . However, compared with wt, vessel length, the number of crossing points and vessel segments per mm 2 were significantly different in mild and moderate trVEGF029, indicating that topological analysis based on the skeletonised retinal vasculature is more sensitive than measurement of the area covered by vessels. In wt, the length of vessels was 36.92±8. 44 showing the skeleton of the retinal vessels was derived from the vascular profiles in (b) using binary thinning procedures. The skeletonised binary image (c) was used to measure total length of vessels in the field of view and two other topological parameters, namely (1) the crossing points of retinal vessels (black dots), i.e. all points at which vessels crossed regardless of the level of the vascular bed and a related metric, and (2) the number of resultant vessel segments (some are indicated by arrows), i.e. all segments that were identified by two adjacent crossing points. However, the above topological parameters do not fully characterise vascular structure and fractal analysis of the image was also undertaken [26] . The fractal parameters D f and lacunarity are inversely related and are measures of the degree of structural variance; high values for D f and low lacunarity indicate a high level of structure, or homogeneity, whereas low values indicate lack of structure or heterogeneity ) indicating a mild neovascular response (Fig. 4h-j: p<0.01 vs wt). By 24 weeks in mild trVEGF029, there was a significant reduction in vessel length, numbers of crossing points and crossed segments compared to 9 weeks, indicating capillary dropout and the progression of retinopathy (Fig. 4h- In mild trVEGF029, the fractal dimension D f was 1.73± 0.02 at 9 and 19 weeks, a value that did not differ from wt (p>0.05). However, by 24 weeks, D f was significantly reduced to 1.70±0.02 (Fig. 4k: p<0 .01 vs wt, p<0.01 vs Mi at 9 weeks, respectively). In moderate cases, the reduction in D f was more dramatic and occurred by 9 weeks (D f =1.60± 0.08) (Fig. 4k: p<0 .01 vs wt, p<0.01 vs Mi at 9 weeks, p<0.01 vs Mi at 19 weeks, respectively). An inverse relationship was observed between D f and lacunarity (Fig. 4l) . In mild cases, lacunarity was 0.19±0.02 and 0.19±0.01 at 9 and 19 weeks, respectively, and did not differ from wt (p>0.05); however, by 24 weeks, lacunarity had increased to 0.22±0.02 (p<0.01 vs wt). In moderate cases, lacunarity was significantly increased to 0.31±0.07 and 0.36±0.09 at 9 and 19 weeks, respectively (Fig. 4l: p<0.01 vs wt, p<0.01 vs Mi-9 weeks and p<0.01 vs Mi-19 weeks, respectively).
Leucostasis and vascular damage
Leucocyte adhesion was occasionally observed in the veins of wt (Fig. 5a,b) but was more frequent in the retinal Fig. 6 Retinal digest preparations of wild-type (WT) and trVEGF029. Digests were prepared as described previously [28] . Digests were mounted vitreous side uppermost, air-dried and stained with periodic acid Schiff and haematoxylin. Endothelial cells and pericytes were identified using standard criteria [29] -matched eyes (d, j) . Inset (d) shows an aneurysm-like cluster. Arrows (d, f, h, j) point to acellular capillaries. Scale bars=100 μm. k-n Quantitation of the retinal vascular cell loss in trVEGF029. WT, n=14. Mi-9 weeks, n=13. Mi-24 weeks, n=8. Mo-9 weeks, n=10. *p<0.05 vs Mi-9 weeks; **p<0.01 vs Mi-9 weeks; † p<0.01 vs WT capillaries of mild trVEGF029, particularly in the periphery where large areas of retinal non-perfusion and microaneurysms accompanied by vascular proliferation were seen (Fig. 5c,d ). Adherent leucocytes were also frequently found in capillaries at the posterior retinal pole (Fig. 5d, inset) . Leucostasis was most common in moderate trVEGF029 and, as in mild cases, was found in large areas of retinal non-perfusion with prominent vascular proliferation (Fig. 5e-g ). Adherent leucocyte numbers correlated well with the severity of retinal vascular abnormality (Fig. 5h: p<0.01 vs wt and p<0.01 and p<0.05 vs mild) .
Cellular changes in the retinal capillaries
Cellular changes in the retinal capillaries were not observed in wt at 9, 19 and 24 weeks (Fig. 6a,b) . In mild cases at 9 weeks, most regions of the trypsin digests were generally indistinguishable from wt when observed with low (×10) magnification (Fig. 6c) . However, higher power microscopy revealed occasional microaneurysm-like structures (inset, Fig. 6d ), slightly tortuous retinal vessels (Fig. 6d ) and acellular capillaries (Fig. 6d) , although, compared with wt, there were no differences in the number of endothelial cells, pericytes or acellular capillaries and the ratio of endothelial cells : pericytes remained unchanged ( Fig. 6k-n; p>0.05). By 19 and 24 weeks, however, the retinal vasculature had changed dramatically (Fig. 6e-h ). Retinal vessels were more tortuous and vascular density reduced (Fig. 6e,g ). Both endothelial cells and pericytes were sparse and acellular capillaries commonly observed (Fig. 6f,h) . At 24 weeks, there was a significant loss of pericytes ( Fig. 6l; p<0.05 vs Mo at 9 weeks), but there was no significant change in the ratio of endothelial cells : pericytes ( Fig. 6m; p>0.05). The number of acellular capillaries was significantly increased at 24 weeks ( Fig. 6n; p<0.01 vs wt) .
In moderate cases at 9 weeks, clusters of vascular proliferation were commonly detected indicating active retinal neovascularisation (Fig. 6i,j) . Reduced numbers of capillaries with fewer vascular cells as well as acellular capillaries were frequently observed adjacent to the proliferating clusters, indicating capillary closure and retinal non-perfusion (Fig. 6j) . Loss of endothelial cells and pericytes was more advanced than that in age-matched eyes with mild vascular changes ( Fig. 6k,l; p<0.05 vs Mi at 9 weeks, p<0.01 vs Mi at 9 weeks, and p<0.01 vs wt, respectively). Retinal vascular deterioration was accompanied by significant increases in the ratio of endothelial cells: pericytes and the number of acellular capillaries (Fig. 6m ,n, *p<0.05 vs Mi at 9 weeks, p<0.01 vs Mi at 9 weeks, and p<0.01 vs wt, respectively).
Discussion
We have previously demonstrated that, compared with the other lines generated, the moderate hVEGF 165 protein levels at 1.5 weeks (35.5 pg hVEGF/mg total protein) in trVEGF029 were sufficient to produce pathological changes consistent with those in NPDR and early stages of PDR [23] . We now show that sustained hVEGF 165 protein overexpression is not required to develop vascular changes. Rather, a cascade mimicking diabetic retinopathy can be triggered by the presence of early moderate levels of hVEGF 165 protein at around 1.5 weeks, followed by a rather rapid decline to a low but steady level (0.6-0.8 pg hVEGF/mg total protein) at between 6 to 19 weeks.
The pattern of hVEGF 165 expression observed was unexpected, but advantageous for developing a model with neither too severe nor too rapid vascular damage. Several explanations of the observed, short-term hVEGF 165 protein expression are possible. Loss, due to cell death, of the cell type that expresses the transgene is unlikely, since, in contrast to previous VEGF transgenics [20, 21] , photoreceptors to which the transgene was targeted are not reduced significantly before 15 weeks [23] . Evidence of hVEGF mRNA production at 3 and 6 weeks also excludes the possibility of complete promoter shut down. The antiangiogenic factor pigment epithelium-derived factor downregulates VEGF in vitro and is a key factor in angiogenic control [31] [32] [33] . However, any upregulation of pigment epithelium-derived factor in trVEGF029 is presumably insufficient to prevent the progression of vascular damage that we describe, despite its ability to curtail aberrant retinal vessel growth in retinopathy of prematurity [33] . Although the opsin promoter is assumed to be eye-specific, opsin transcripts have been detected in the thymus [34] , which might underpin a possible state of tolerance in trVEGF029, in agreement with the small number of infiltrating cells (data not shown). Increased hVEGF 165 levels might also have triggered a negative feed-back mechanism to dampen VEGF translation. Further studies are necessary to elucidate the mechanism(s) responsible for hVEGF 165 regulation in trVEGF029 and to investigate the signalling events that result in vascular changes similar to those seen in diabetic retinopathy.
The vascular changes in trVEGF029 differ from two other models in which VEGF was upregulated via a transgene or via intravitreal or subretinal injection of a recombinant adeno-associated virus carrying the gene encoding VEGF (AAV.VEGF) [21, 35] with high protein levels leading to severe neovascularisation, an immune reaction and photoreceptor destruction [21, 36] . In comparison, moderate VEGF expression in another model induced by AAV.VEGF gene transfer also produced a mild phenotype with features similar to trVEGF029 and with no immune reaction elicited [37] . trVEGF029 thus provides an opportunity for detailed examination of vascular changes without the confounding factors of severe and rapid vascular and retinal damage in other models.
Our techniques for visualising the retinal microvasculature throughout its depth did not, for the most part, distinguish different retinal vascular beds, but are similar to clinical examination of retinal microvascular changes in diabetic retinopathy [23] . FA of the same mice over time revealed two phenotypes. Mild cases had initial vessel leakage at 6 weeks, which was minor and confined to a limited number of locations. Although individual lesions either worsened or resolved with time, overall leakage remained similar until 12 weeks and by 19 to 24 weeks had virtually ceased. By contrast, in moderate cases, leakage was more severe at the earliest stage examined and also declined earlier, that is, by 9 weeks. A precedent for the severity of the initial damage giving rise to distinct phenotypes within the retinal vasculature has also been observed in IGF-1 transgenic mice [30] .
The decline in vascular leakage in both mild and moderate cases is initially counterintuitive, but could be partially explained by the decreasing hVEGF 165 levels. However, while hVEGF 165 expression was significantly reduced as early as 3 weeks, decline in vascular leakage only occurred at 9 (moderate) or 19 (mild) weeks. We propose that the decline in vascular leakage is primarily due to the loss of capillaries, a phenomenon seen in clinical diabetic retinopathy [4, 38] . In mild cases, the initial relatively limited vessel leakage was correlated with a minor loss of capillaries that mostly maintained good structural integrity. Leucostasis was limited, with no apparent endothelial cell loss, minimal pericyte loss and only a small number of acellular capillaries. Nevertheless, damage progressed and capillary dropout led to reduced vascular leakage. Mild cases also displayed a neovascular response in the formation of microaneurysms, although these were sparse at early stages. A strikingly different scenario was observed in the moderate phenotype, in which initial leakage was severe. The ensuing extensive damage to the retinal microvasculature, as evidenced by a considerable loss of capillary beds, declining structural integrity, extensive leucostasis, loss of both endothelial cells and pericytes and the appearance of extensive acellular capillaries, would also have led to a decline in vascular leakage. In addition, moderate cases displayed a pronounced neovascular response with large numbers of microaneurysms appearing at early stages. Since mild cases remain mild and moderate cases remain moderate, the extent of initial damage appears to dictate long-term consequences with mild cases having better outcomes than moderate ones.
Regardless of the intensity of microvascular changes in mild and moderate phenotypes, trVEGF029 shared many features of diabetic retinopathy. Increased vascular permeability is an early sign of diabetic retinopathy [2, 4, 14, [39] [40] [41] . As in diabetic animal models in which the retinal vasculature becomes permeable shortly after the onset of diabetes [6, 14] , early increases in vascular permeability are consistently observed in trVEGF029 [20, 21, 23] . While increased retinal vascular permeability is caused by the elevated production of VEGF [9, 16, 42] , we now show that vascular leakage can result from an early, short-term increase in VEGF 165 expression. In addition to vascular leakage, other early changes in clinical diabetic retinopathy include the formation of spatiotemporally dynamic microaneurysms [40, 41] . Our longitudinal FA analysis in individual trVEGF029 provides evidence of individual microaneurysms that also improve or progress with time. In addition, we provide histological confirmation of the formation of microaneurysms.
Leucostasis, another early event seen in clinical diabetic retinopathy and in experimental diabetes [5, 6, 16, 43, 44] , is causally linked to VEGF-induced inflammation [5, 6, 16, 43] . In trVEGF029, leucostasis was correlated with the severity of retinal vascular damage. In moderate cases, leucostasis occurred more frequently where vascular proliferation and capillary non-perfusion were significantly developed. In STZinduced diabetic rats, patent capillaries become occluded downstream from static leucocytes [5, 6] . Although adhesive leucocytes can become dislodged and occluded capillaries reopen, repeated plugging and un-plugging can also lead to blockage and non-perfusion. A major consequence of capillary non-perfusion is endothelial cell and pericyte damage and loss, readily detectable features of early diabetic retinopathy, which culminate in acellular capillaries and capillary dropout with a resultant decline in vascular permeability [40, 45] . Finally, as diabetic retinopathy progresses, capillary loss and retinal non-perfusion lead to ischaemia [45] with associated ischaemia-induced neovascularisation. Neovascularisation also occurs in trVEGF029, but to a lesser extent than the major lesions often described in other transgenic VEGF models [10, 21, 22] .
A number of features seen in diabetic retinopathy have yet to be characterised in trVEGF029. For example, capillary basement membrane thickening, as assessed ultrastructurally, occurs at early and late stages [43, 46] . Furthermore, profound neuronal and glial degeneration also occurs in diabetic retinopathy [47, 48] . A notable difference between VEGF transgenic models and diabetic retinopathy is that neovascular changes occur in the outer retina, presumably reflecting the source of transgene, rather than in the inner retina with epiretinal membranes extending into the vitreous, as occurs clinically [3] . Interestingly, although vascular changes in trVEGF029 result from a short-term elevation in VEGF expression, they are similar to those in NPDR and the early stages of PDR, which are presumed to be associated with persistent VEGF expression [9] [10] [11] [12] . Although vitreous haemorrhage and macular oedema with subsequent fibrosis, retinal traction and detachment are frequently seen in diabetic retinopathy and also in some animal models including others and our own [2, 20, 21 , 23], we did not observe these severe changes in trVEGF029. Further studies are required to determine the exact relevance and limitations of the trVEGF029 model.
Similar to an IGF-1 transgenic mouse line, trVEGF029 lacks a hyperglycaemic background, yet both display many features of diabetic retinopathy [30] . Nevertheless, hyperglycaemia is a major trigger in diabetic retinopathy, with factors such as sorbitol and advanced glycation end products producing reactive oxygen species, which leads to pericyte and endothelial cell loss and ensuing vascular damage [2, 42] . However, both clinically and experimentally, good glycaemic control does not necessarily stop the progression of diabetic retinopathy [49] ; indeed, and there is some evidence for a worsening [50] . Our demonstration that many pathological features of diabetic retinopathy could result from an early short-term, moderate increase in VEGF levels occurring in the absence of hyperglycaemia provides an opportunity to examine individual factors that contribute to early stages of this devastating disease, as well as offering the potential to test early therapeutic interventions.
